Introduction
============

In the last decades, electrospun fibers, having diameters in the nano- to micro-scale, have gained an increasing interest for a broad spectrum of biomedical applications, such as tissue engineering scaffolds, drug delivery systems, and wound dressings.[@b1-ijn-13-6531]--[@b5-ijn-13-6531] The attractiveness of such fibrous membranes lies in their ability to mimic the three-dimensional structure of the native extracellular matrix due to their peculiar morphological features, which can be tailored depending on the intended application.[@b6-ijn-13-6531] In particular, high surface-to-volume ratio and high porosity, which are peculiar features of electrospun submicron fibers, represent pivotal features for 1) cell adhesion and proliferation, 2) drug loading, and 3) oxygen exchange that is required to enhance wound healing when fibers are used as dressings.[@b7-ijn-13-6531]--[@b9-ijn-13-6531] In addition, simplicity, cost-effectiveness, and versatility of the electrospinning technique make fibers even more appealing systems.[@b10-ijn-13-6531]

To date, more than 200 polymers, both natural and synthetic, have been successfully electrospun.[@b10-ijn-13-6531],[@b11-ijn-13-6531] The choice of polymer represents a crucial step in the development of fibrous systems via electrospinning: molecular weight and chain length of polymer may affect the morphology and, thus, the degradation rate, swelling behavior, and mechanical properties of electrospun fibers.[@b12-ijn-13-6531]

Alginate (ALG) is a natural anionic polysaccharide, derived from marine brown algae. It is widely used in the pharmaceutical field due to its water solubility, biocom-patibility, low immunogenicity, and relative low cost.[@b13-ijn-13-6531] However, the production of ALG submicron fibers by electrospinning is still challenging; many research groups have attempted to electrospin aqueous solutions of pure ALG without success.[@b14-ijn-13-6531]--[@b19-ijn-13-6531] ALG solutions, even at low concentrations (2% w/v in deionized water), are too viscous to flow through the needle tip of the electrospinning apparatus. Meanwhile, ALG concentrations \<2% w/v do not guarantee adequate polymer chain entanglements needed to obtain a continuous jet that, in turn, is necessary for the production of homogenous fibers.[@b14-ijn-13-6531] Moreover, ALG is a polyelectrolyte, and therefore, it is characterized by a high conductivity; the strong repulsive forces between the polyanionic ALG chains represent another important factor, which can impair the electrospinnability of such biopolymer.[@b15-ijn-13-6531],[@b18-ijn-13-6531]

In the last decades, some research groups have succeeded in the preparation of electrospun ALG-based fibers by blending ALG with a second polymer, such as polyethylene oxide (PEO) or polyvinyl alcohol, or a co-solvent, such as glycerol. The addition of such spinnable enhancers may decrease the viscosity of ALG solution, reduce the repulsive charges between ALG molecules, and improve chain flexibility.[@b19-ijn-13-6531]--[@b21-ijn-13-6531]

The aim of the present work was to develop biodegradable ALG-containing fibrous platforms intended for tissue repair, acting as both drug delivery systems and cell growth guidance. Such fibrous platforms were prepared by electrospinning.

ALG was chosen as key component of the fiber core for its capability to form complexes with cationic drugs and to produce hydrogels in the presence of bivalent cations such as Ca^2+^; these properties are functional for a controlled drug delivery.[@b20-ijn-13-6531] Since ALG can be electrospun when blended with other spinnable polymers, dextran (DEX) and PEO, having different nature and rheological properties, have been investigated as process adjuvants.

DEX is a bacterial-derived polysaccharide, biocompatible, biodegradable, characterized by a high water solubility and represents a novel polymer to be investigated for electrospun fiber production.[@b4-ijn-13-6531],[@b21-ijn-13-6531],[@b22-ijn-13-6531] On the contrary, PEO is a synthetic non-ionic polymer, widely used for electrospinning.[@b23-ijn-13-6531] PEOs with different molecular weights (from 200,000 to 7,000,000 Da) have gained FDA approval only for oral administration, but in several papers, this polymer is used for the production of scaffolds intended for biomedical applications.[@b24-ijn-13-6531]

It is known that the morphology of electrospun fibers is strictly related to polymeric solution properties, as well as to process (applied voltage, spinneret--collector distance, and flow rate) and environmental (temperature and relative humidity) parameters.[@b10-ijn-13-6531],[@b25-ijn-13-6531] So far, little work has been done to understand the relation between solution properties, such as rheology, surface tension, and conductivity, and the morphology of the resultant fibers. For this reason, in the present paper, the Design of Experiments (DoE) approach (full factorial design) was used to investigate the role of each polymer solution property on the preparation of homogeneous ALG/DEX fibers. In particular, rheological parameters such as viscosity at high shear and pseudoplasticity index, surface tension, and conductivity were determined. The aim was to identify the optimal values of each parameter to be used as guidelines for the production of ALG-containing fibers, independently of the polymer adjuvant used. In order to verify the predictive power of such guidelines, they were employed for the preparation of ALG-containing fibers, using PEO, instead of DEX, as polymer adjuvant of the electro-spinning process. ALG/PEO mixtures with pseudoplasticity index, surface tension, and conductivity values in the ranges previously determined were electrospun, and the morphology of the products obtained was assessed.

In order to slowly obtain erodible fibers when kept in contact with biological fluids, the developed ALG/DEX and ALG/PEO fibers were coated. In particular, ALG/PEO fibers, previously cross-linked with calcium ions, were coated with chitosan (CS), a cationic polysaccharide, known for its antimicrobial and antioxidant properties,[@b26-ijn-13-6531] whereas ALG/DEX fibers were coated with polylactide co-glycolide (PLGA), a well-known biodegradable polymer. Mechanical properties of the coated and uncoated fibers were investigated by means of a tensile apparatus.

Fibrous platform cytocompatibility and capability to act as cell support were assessed in vitro using human fibroblasts to mimic dermal environment.

Materials and methods
=====================

Materials
---------

Alginic acid sodium salt, from brown algae (ALG, medium viscosity, Brookfield viscosity ≥2,000 cps for 2% solution in water at 25°C, G/M ratio equal to 70/30; Sigma-Aldrich Co., St Louis, MO, USA), DEX 500 (Pharmacosmos, Holbaek, Denmark), PEO (Mw =4,000 kDa; Colorcon, Dartford, UK), Kolliphor P407 poloxamer (P407; BASF SE, Ludwigshafen, Germany), and Triton X-100 (TX100; Fluka BioChemika, Buchs, Switzerland) were used for the preparation of ALG/DEX and ALG/PEO solutions. Phosphate buffer (pH 5.5), prepared according to European Pharmacopeia, was used as solvent for the preparation of ALG/DEX solutions. Resomer R503H, poly([d]{.smallcaps},[l]{.smallcaps}-lactide-co-glycolide) acid terminated (PLGA, lactide:glycolide 50:50, Mw =24,000--38,000; Sigma-Aldrich Co.) and ethyl acetate (Carlo Erba, Milan, Italy) were used for ALG/DEX fiber coating.

Anhydrous calcium chloride (CaCl~2~) and absolute ethanol (EtOH) were purchased from Carlo Erba and used for ALG/PEO fiber cross-linking. ChitoClear^®^ CS (degree of deacetylation 98%; Primex, Siglufjordur, Iceland) and acetate buffers at pH 4.5 and 5.1, prepared according to European Pharmacopeia, were used for the coating of ALG/PEO cross-linked fibers.

For experiments with fibroblasts, the materials hereafter reported were used. Dimethyl sulfoxide (DMSO), Dulbecco's PBS, MTT, antibiotic antimycotic solution (100×; stabilized with 10,000 units penicillin, 10 mg streptomycin, and 25 μg amphotericin B per mL), trypan blue solution, and trypsin--EDTA solution were purchased from Sigma-Aldrich Co. DMEM was purchased from Corning Incorporated (Corning, NY, USA) and inactivated fetal bovine serum from Biowest (Nuaillé, France). Glutaraldehyde solution (Sigma-Aldrich Co.) was used to fix the cells cultured on ALG/DEX and ALG/PEO fibers prior to scanning electron microscopy (SEM) analysis.

Assessment of the rheological interaction between ALG and DEX
-------------------------------------------------------------

In order to assess the occurrence of an interaction between ALG and DEX, mixtures containing 30% w/w DEX and increasing concentrations of ALG (0.5%, 1%, and 1.5% w/w) were subjected to viscoelastic measurements by means of a rotational rheometer (MCR 102; Anton Paar, Turin, Italy) equipped with a cone plate combination (CP50-1, diameter =50 mm; angle =1°) as measuring system. Solutions of the individual polymers, having same concentrations as in the mixtures, were subjected to the same characterization. All measurements were carried out at 25°C after a rest time of 1 minute. Stress sweep and oscillation tests were performed.

In the stress sweep, increasing stresses were applied at a constant frequency (1 Hz), and the elastic response of the sample, expressed as storage modulus G′, was measured. Such a test allows to identify the "linear viscoelastic region." In the oscillation test, a shear stress, chosen in the linear viscoelastic region previously determined, was applied at increasing frequencies (1--20 Hz); the elastic response of the sample was measured as a function of frequency. The interaction parameter ΔG′ was calculated, at 10 Hz frequency, according to the following equation:[@b27-ijn-13-6531] $$\Delta G^{\prime} = {G^{\prime}}_{\text{mix}} - ({G^{\prime}}_{\text{ALG}} + {G^{\prime}}_{\text{DEX}})$$where

G′~MIX~ = storage modulus (Pa) of DEX 30% w/w -- ALG (0.5%, 1%, and 1.5% w/w) mixture.

G′~ALG~ + G′~DEX~ = theoretical value (Pa) calculated as the sum of G′ values of 30% w/w DEX solution and of ALG solution, having the same concentration as in the mixture.

Preparation of ALG/DEX-based solutions (D)
------------------------------------------

D1--D8 formulations were prepared in deionized water or pH 5.5 phosphate buffer ([Table 1](#t1-ijn-13-6531){ref-type="table"}): DEX (10%--30% w/w) and ALG (0.5%--1.5% w/w) were blended. Phosphate buffer was used instead of water to increase polymer solution conductivity. P407 and TX100 were added to ALG/DEX blends, alone or in combination, in the concentration range 0.5%--2% w/w to modulate polymer solution surface tension. D formulations were prepared at room temperature and maintained under stirring overnight.

Characterization of ALG/DEX-based solutions (D)
-----------------------------------------------

All the D formulations were characterized in terms of rheological properties, surface tension, and conductivity.

### Rheological analysis

Rheological analyses were performed by means of a rotational rheometer (MCR 102). Solution viscosity (η) was measured at 33°C and at increasing shear rates in the range 10--1,000 s^−1^. Three replicates were performed for each formulation.

The pseudoplastic behavior of each polymeric solution was investigated by calculating the pseudoplasticity index (n) according to the following equation (power law model or Ostwald de Weale model):[@b28-ijn-13-6531] $$(\tau - \tau_{0}) = \eta ’D^{n}$$where τ is the shear stress, τ~0~ the yield stress, η' the viscosity coefficient, D the shear rate, and n the pseudoplasticity index. The more n differs from 1, the more the formulation deviates from a Newtonian behavior.

The viscoelasticity of D solutions was assessed by oscillation measurements, effected at 33°C by means of a rotational rheometer (MCR 102). Three replicates were considered for each sample.

Dynamic surface tension measurements
------------------------------------

Dynamic surface tension measurements were carried out by means of an automatic tensiometer (DyneMaster DY-300; Kyowa Interface Science Co. Ltd., Saitama, Japan) at 33°C. The analyses were performed by recording a surface tension value every 3 seconds up to 300 seconds. Three replicates were considered for each solution.

Conductivity measurements
-------------------------

Conductivity measurements were carried out by means of Mettler Toledo™ FiveGo™ F3 conductivity meter apparatus (Thermo Fisher Scientific). Three replicates were effected for each solution.

Preparation and morphological characterization of ALG/DEX fibers
----------------------------------------------------------------

All the D fibers were prepared by using an electrospinning apparatus (STIKIT-40; Linari Engineering, Grosseto, Italy), equipped with a high-voltage power supply, a syringe pump, and a collector plate, covered by an aluminum foil. Spinneret--collector distance, applied voltage, and flow rate were investigated in order to identify the best electrospinning conditions for each formulation. Polymeric solutions were pumped through a needle with a length =15 mm and a gauge =21; the electrospinning process was performed at atmospheric pressure, maintaining constant temperature and relative humidity ranges, 27°C--33°C and 20%--30%, respectively. Morphological evaluation was performed by means of a scanning electron microscope (EVO MA10; Carl Zeiss Meditec AG, Jena, Germany). Different magnifications (2,000×, 5,000×, and 10,000×) were considered for each fibrous membrane. Electrospun fiber dimensions were measured using the imaging analysis program ImageJ. Thirty fibers were considered for each sample.

DoE (full factorial design)
---------------------------

A full factorial design was employed to investigate, on a statistical basis, the role of each polymer solution parameter (viscosity, surface tension, and conductivity) on the production of homogeneous fibers without beads. Three factors corresponding to viscosity measured at high shear rate (1,000 s^−1^), surface tension, and conductivity were investigated at two different levels; three replicates were considered for each experiment ([Figure 1](#f1-ijn-13-6531){ref-type="fig"}). For each factor, two ranges of values, defined as low and high (indicated as −1 and +1, respectively), were identified: \<1 Pas and \>1.3 Pas for viscosity, \<33 mN/m and \>38 mN/m for surface tension and \<1,000 μS/cm and \>1,400 μS/cm for conductivity. D solutions (D1--D8) were used for the full factorial design 2^k^ (k=3) ([Table 2](#t2-ijn-13-6531){ref-type="table"}). Fiber morphology was considered as the response variable; a score from 0 to 10 was given: 10 (homogeneous fibers), 7.5 (irregular fibers), 5 (fibers with beads), 2.5 (fibers with numerous beads), and 0 (no fibers).

A second full factorial design was performed to investigate the role of another factor, pseudoplasticity index, used in substitution of viscosity at high shear rate. Two ranges of values, defined as low and high (indicated as −1 and +1, respectively), were identified for this parameter: \<1.7 and \>1.7.

Preparation and morphological characterization of ALG/PEO fibers
----------------------------------------------------------------

An ALG/PEO mixture, characterized by pseudoplasticity index, surface tension, and conductivity in the range identified by DoE approach as optimal for the production of homogenous fibers, was prepared in deionized water. In particular, 1.5% w/w PEO 4,000 kDa was blended with 1% w/w ALG. P407 and TX100 were added to ALG/PEO mixture to achieve concentrations equal to 1.5% and 0.5% w/w, respectively. The ALG/PEO mixture was prepared at room temperature and maintained under stirring overnight.

ALG/PEO fibers were prepared by using an electrospinning apparatus, as described in the "Preparation and morphological characterization of ALG/DEX fibers" section; different process parameters in particular spinneret--collector distance (10--15 cm), applied voltage (20--25 kV), and flow rate (0.397 mL/h) were investigated in order to identify the best electrospinning conditions. Morphological analyses were performed as previously described for ALG/DEX fibers (in the "Preparation and morphological characterization of ALG/DEX fibers" section).

Coating of ALG/DEX and ALG/PEO fibers
-------------------------------------

Fibers were subjected to ionic cross-linking and/or polymer-based coating. ALG/DEX fibers were soaked for 2 minutes in a solution of PLGA (R 503H) prepared in ethyl acetate and dried at room temperature. Two different concentrations of R 503H, 0.25% w/v and 0.5% w/v, were considered.

A multistep protocol for the cross-linking and coating of ALG/PEO fibers was set up. Briefly, ALG/PEO fibers were subjected to a pre-cross-linking treatment with absolute ethanol for 5 minutes. Later, fibers were soaked in 2% w/w CaCl~2~ solution prepared in 80% v/v ethanol (cross-linked fibers) and, then, in 0.1% w/w CS/2% w/w CaCl~2~ solution prepared in acetate buffer (pH 4.5) (coated fibers). Cross-linked/coated fibers were washed with acetate buffer (pH 5.0) and dried at room temperature. Morphological analyses on both coated ALG/DEX and ALG/PEO fibers were performed (as described in the "Preparation and morphological characterization of ALG/DEX fibers" section).

Structural analyses of coated fibers
------------------------------------

### Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were obtained with a Nicolet FTIR iS10 spectrometer (Nicolet, Madison, WI, USA) equipped with attenuated total reflectance sampling accessory (Smart iTR with ZnSe plate) by co-adding 32 scans in the spectral region of 4,000--650 cm^−1^ with a resolution of 4 cm^−1^ resolution.

### Energy dispersive X-ray spectroscopy (EDS)

EDS was performed using an FE-SEM (Tescan Mira3 XMU, Brno, Czech Republic), equipped with Apollo X Silicon Drift Detector.

Assessment of mechanical properties of fiber
--------------------------------------------

The mechanical properties of fiber membranes were assessed by means of a TA.XT plus Texture Analyzer (Stable Micro Systems, Godalming, UK), equipped with 1 or 5 kg load cells. Before testing, fiber thickness was measured by means of Sicutool 3955 G-50 (Sicutool, Milan, Italy) apparatus.

Each fiber membrane was cut (1×3 cm) and, then, clamped on A/TG tensile grips probe; an initial distance of 1 cm between the grips was set. The upper grip was raised at a constant speed of 5 mm/s up to a distance of 5 mm, corresponding to 50% elongation.

Maximum deformation force (Fmax), forces measured at different deformations (F10, F20, F30, F40, and F50 at 10%, 20%, 30%, 40%, and 50% elongation, respectively), and deformation work (Wmax) were calculated for the optimized ALG/DEX and ALG/PEO fibers, as such, and after cross-linking/coating.

Moreover, the differential parameter Δ elongation at break (%ΔE) was determined using the following equation:[@b29-ijn-13-6531] $$\%\Delta E = \frac{\text{Extension~of~length~at~rupture} - \ \text{Initial~length}}{\text{Initial~length}}*100$$

In vitro cell culture experiments
---------------------------------

### Normal human dermal fibroblasts (NHDFs)

NHDFs (Promocell GmbH, Heidelberg, Germany) from 6th to 12th passage were used. Cells were cultured in complete medium (CM) consisting of DMEM supplemented with 1% v/v antibiotic antimycotic solution and 10% v/v inactivated fetal calf bovine serum. After 24 hours UV irradiation, ALG/DEX fibers, after PLGA-based coating with 0.25% w/v R 503H, and ALG/PEO fibers, after cross-linking and coating, were cut into pieces having a surface area of \~0.32 cm^2^, placed in a 96-well plate and seeded with NHDF cells at a density of 35,000 cells/well. Thereafter, cells were maintained in incubator (Shellab^®^ Sheldon^®^ Manufacturing Inc., Cornelius, OR, USA) at 37°C with 95% air and 5% CO~2~ atmosphere.

The effect of coated ALG/DEX and ALG/PEO fibers on cell viability was evaluated at 7 days by MTT assay, using CM as control. Briefly, after 7 days, CM was removed from each well and cells were rinsed with PBS; subsequently, 50 μL of MTT 7.5 μM in 100 μL of DMEM without phenol red was added to each well and incubated for 3 hours (37°C and 5% CO~2~). Finally, 100 μL of DMSO, used as solubilization agent, was added to each well, in order to promote the complete dissolution of formazan crystals, obtained from MTT dye reduction by mitochondrial dehydrogenases of alive cells. The solution absorbance was measured by means of an iMark^®^ Microplate reader (Bio-Rad Laboratories Inc., Hercules, CA, USA) at a wavelength of 570 and 690 nm (reference wavelength) after 60 seconds of mild shaking. Results were expressed as % cell viability by normalizing the absorbance measured after contact with each sample with that measured for CM. Six replicates were performed for each sample.

A morphological study of fibroblasts on coated ALG/DEX and ALG/PEO fibers was carried out after 7 days of culture. Cell distribution within both the ALG-based fibrous membranes was appreciated by SEM. After medium removal, the cell--fiber constructs were rinsed with PBS and, subsequently, fixed in 3% v/v glutaraldehyde solution. Samples were further rinsed with PBS, dehydrated with increasing concentration of ethanol (25%, 50%, 75% and 100% v/v) and dried at room temperature in a clean bench.

### Statistical analysis

Whenever possible, experimental values of the various type of measures were subjected to statistical analysis, carried out by means of the statistical package Statgraphics 5.0 (Statistical Graphics Corporation, Rockville, MD, USA). In particular, one-way ANOVA -- multiple range test and Student's *t*-test were used.

Results
=======

It is known that PEO, when associated with ALG determines the formation of intermolecular hydrogen bonds, enhancing the entanglement degree of the polymeric blend, functional to the formation of fibers by electrospinning.[@b18-ijn-13-6531],[@b30-ijn-13-6531] To verify if an interaction occurs also between ALG and DEX, mixtures of DEX 30% w/w and ALG (0.5%, 1%, and 1.5% w/w) were subjected to viscoelastic measurements, and the results were compared to those obtained for the individual ALG and DEX solutions, having the same concentrations as in the mixtures. For all the frequencies considered, the mixtures are characterized by G′ values markedly higher than those of the individual polymer solutions (Supplementary materials). Recently, de Souza Ferreira et al proposed to calculate the rheological interaction parameter ΔG′ as the difference between the G′ of the polymer blend and the theoretical value, which is the sum of G′ values of the individual solutions.[@b27-ijn-13-6531]

In [Figure 2](#f2-ijn-13-6531){ref-type="fig"}, ΔG′ values of DEX/ALG mixtures are reported. An increase in the differential parameter is observed on increasing ALG concentration, indicating an increment of the interaction extent between the two polymers. Such an interaction is responsible for an improved entanglement that promotes electrospinning process.

A "full factorial design" (DoE approach) was employed to investigate, on a statistical basis, the role of each polymeric solution parameter (viscosity at high shear rate \[1,000 s^−1^\], surface tension, and conductivity) on the production of homogeneous fibers. Fiber morphology was considered as response variable: a score, from 0 to 10, was given as reported in [Table 3](#t3-ijn-13-6531){ref-type="table"}.

[Figure 3](#f3-ijn-13-6531){ref-type="fig"} reports SEM micrographs that show the morphology of the products obtained from the ALG/DEX blends considered in the full factorial design. It can be observed that D5 solution does not produce fibers ([Figure 3E](#f3-ijn-13-6531){ref-type="fig"}), probably because DEX concentration is lower than Critical Entanglement Concentration (CEC), which is equal to 12.1% w/w, in both distilled water and pH 5.5 phosphate buffer (Supplementary materials). Also D7, characterized by the highest surface tension and conductivity values, does not produce fibers. The statistical analysis points out the effect of each factor and their interactions on the response variable. The Pareto chart, reported in [Figure 4A](#f4-ijn-13-6531){ref-type="fig"} highlights that both conductivity and surface tension determine a negative and statistically significant effect on fiber formation. This suggests that an increase in one of these parameters impairs the possibility to obtain homogeneous electrospun fibers. Viscosity at high shear rate shows a positive and statistically significant effect on the response variable. Both the interactions between surface tension and conductivity and between viscosity and conductivity positively influence the formation of fibers characterized by an optimal morphology ([Figure 4A and B](#f4-ijn-13-6531){ref-type="fig"}).

A second full factorial design was performed to investigate the role on fiber morphology of pseudoplasticity index, which is considered in place of viscosity at high shear rates. The interactions of pseudoplasticity index with all the other parameters significantly affect the response variable ([Figure 4C](#f4-ijn-13-6531){ref-type="fig"}). As highlighted by the interaction plot ([Figure 4D](#f4-ijn-13-6531){ref-type="fig"}), the highest response value is obtained when high values of pseudoplasticity index are associated with low values of both surface tension and conductivity.

The DoE approach allows the identification of optimal values for each parameter: high viscosity at 1,000 s^−1^ (1.3--1.9 Pa.s) or a high pseudoplasticity index ≥1.7, associated with a low surface tension (30--33 mN/m) and a low conductivity (\<21,000 μS/cm).

In order to assess the predictive power of the model, two ALG/DEX aqueous mixtures (D9 and D10) having all the parameters in the optimal ranges were prepared and electrospun. Similarly, two ALG/DEX mixtures (D11 and D12) characterized by at least two parameters out of the optimal ranges were considered. In [Table 4](#t4-ijn-13-6531){ref-type="table"}, the parameters of the above mentioned polymer solutions (D9--D12) are reported. [Figure 5](#f5-ijn-13-6531){ref-type="fig"} shows the micrographs of the products of the electrospinning process. It can be observed that polymer solutions D9 and D10 determine the formation of homogeneous fibers, whereas fibers with beads are obtained from D11 and D12 polymer solutions.

D9 and D10 fibers with an assigned score of 10 are characterized by diameters of 204±39 and 346±123 nm, respectively (mean values ± standard error \[SE\]; n=30) ([Figure 5](#f5-ijn-13-6531){ref-type="fig"}). Based on these results, D9 fibers are selected for further investigations since they are characterized by the best electrospinning performance (continuous jet formation) and the narrowest size distribution, as evidenced by the lowest value of standard error.

In order to verify whether the guidelines assessed for ALG/DEX mixtures could be suitable also for the production of fibers based on mixtures of ALG with other non-ionic polymers, different from DEX, they were employed for the preparation of ALG/PEO mixtures.

Since DEX shows a rheological behavior, completely different from PEO (Supplementary materials), pseudoplasticity index was considered instead of viscosity as rheological parameter. ALG/PEO mixtures were prepared in order to exhibit parameters in the ranges previously identified as optimal by the DoE approach. [Figure 6](#f6-ijn-13-6531){ref-type="fig"} reports a SEM micrograph of the optimized ALG/PEO electrospun fibers (P1).

The presence of PEO with high molecular weight (4,000 kDa) in ALG/PEO mixture is responsible for the production of fibers with micro-scale diameter (13.3±1.9 μm, n=30).

Mechanical properties of fibers were assessed by means of a tensile test. Maximum force of deformation and forces at different deformation values were measured for the optimized ALG/DEX (D9) and ALG/PEO (P1) fibers. [Figure 7](#f7-ijn-13-6531){ref-type="fig"} shows an evident break of D9 fibrous membranes, as indicated by the zero force values for deformations higher than 10%. On the contrary, an elastic deformation characterizes P1 fibers.

D9 and P1 fibers were subjected to ionic cross-linking and/or polymer coating to guarantee their slow biodegradability in biological fluids. In the case of D9, DEX high solubility in both water and organic solvents and high DEX/ALG w/w ratio (≥20) do not allow any ionic cross-linking in aqueous/ethanol CaCl~2~ solutions without the partial loss of membrane integrity. For this reason, D9 fibers were coated by soaking in a PLGA (R 503H) solution in ethyl acetate.

In [Figure 8](#f8-ijn-13-6531){ref-type="fig"} SEM micrographs, fiber diameters and FTIR spectra of D9 coated with 0.25% w/v and 0.5% w/v R 503H are reported. After coating, a statistically significant increase in fiber diameter is determined, whereas no significant differences in fiber diameter are observed on increasing R 503H concentration ([Figure 8B](#f8-ijn-13-6531){ref-type="fig"}). FTIR spectra demonstrate the effectiveness of PLGA-based coating on D9 fibers ([Figure 8C](#f8-ijn-13-6531){ref-type="fig"}). FTIR spectrum of uncoated D9 corresponds to DEX one as a consequence of the highest amount of such polysaccharide in comparison with the other components ([Table 4](#t4-ijn-13-6531){ref-type="table"}). FTIR spectra of coated D9 reveal a peak at 1,756 cm^−1^ attributable to the presence of PLGA, which, when pure, is characterized by a peak at 1,742 cm^−1^. The shift observed could be due to a rearrangement of hydrogen bonds after coating. A slight difference between FTIR spectra of D9+ R 503H 0.25% w/v and D9+ R 503H 0.5% w/v fibers is attributable to the different PLGA concentrations; in particular, the peak related to R 503H is more evident for D9+ R 503H 0.5% w/v.

D9 fiber mechanical properties were evaluated before and after coating. In [Figure 9](#f9-ijn-13-6531){ref-type="fig"}, force of deformation, tensile work, and %ΔE of the coated D9 fibers are compared to those of uncoated ones. PLGA coating produces an increase in fiber mechanical resistance, as evidenced by higher values of both deformation force and tensile work. An increase in PLGA concentration does not produce any change in tensile parameters. The increase in fiber mechanical resistance is accompanied by an increase in fiber elasticity, as indicated by the higher values of %ΔE, more evident for the fibers coated with the highest PLGA concentration.

P1 fibers were subjected to a multi-step method that simultaneously provides cross-linking with Ca^2+^ aqueous/ethanol solutions and CS-based coating.

[Figure 10](#f10-ijn-13-6531){ref-type="fig"} reports SEM micrographs, fiber diameters, and FTIR spectra of P1 fibers as such, cross-linked and coated. In the case of coated fibers, a marked surface roughness, functional to cell adhesion, is observed. [Figure 10B](#f10-ijn-13-6531){ref-type="fig"} demonstrates that the cross-linking process produces a statistically significant reduction in ALG/PEO fiber dimension, probably due to the dissolution of PEO and surfactants in water. The FTIR analysis ([Figure 10C](#f10-ijn-13-6531){ref-type="fig"}) confirms the effectiveness of cross-linking and coating procedures by both the disappearance of the peaks related to PEO and poloxamer and the shift of ALG peak. In particular, FTIR spectra of cross-linked and coated fibers show a shift of peaks corresponding to −OH bond stretching at 3,246 cm^−1^ and C−O−C bond stretching at 1,593 and 1,405 cm^−1^, which demonstrate the occurrence of cross-linking. A slight difference in FTIR spectra of cross-linked and coated fibers could be attributed to the presence of CS on fiber surface, even if at low concentrations. Energy dispersive X-ray spectra of P1 fibers, cross-linked and coated, before and after hydration in deionized water for 9 hours confirm cross-linking of fibers ([Table 5](#t5-ijn-13-6531){ref-type="table"}). The increase of O% is to be attributed to fiber hydration and swelling.

In [Figure 11](#f11-ijn-13-6531){ref-type="fig"}, force of deformation, tensile work, and %ΔE of cross-linked and coated P1 fibers are compared with those of untreated P1 fibers. Both cross-linking and coating processes are responsible for an increase in fiber mechanical resistance, as indicated by higher values of maximum force of deformation ([Figure 11A](#f11-ijn-13-6531){ref-type="fig"}). Cross-linked fibers show a less elastic structure (evidenced by a lower value of tensile work, [Figure 11B](#f11-ijn-13-6531){ref-type="fig"}), due to PEO elimination during cross-linking. Coating with CS improves fiber mechanical properties in terms of resistance and elasticity, as indicated by the increase of all the tensile parameters.

The biocompatibility and the capability to support cell adhesion and proliferation were evaluated for both PLGA-coated D9 and CS-coated P1 fibers on human dermal fibroblasts.

In [Figure 12](#f12-ijn-13-6531){ref-type="fig"}, % cell viability values observed for coated D9 and P1 fibers are reported. Both fibrous platforms showed % cell viability values comparable to those obtained for CM, used as reference. Such results indicate the biocompatibility of both the formulations.

[Figure 13](#f13-ijn-13-6531){ref-type="fig"} shows SEM micrographs of coated D9 and P1 fibers after immersion in CM for 7 days in the absence and in the presence of fibroblasts. It can be observed that, after hydration in CM, coated D9 fibers appear as a micro-porous matrix ([Figure 13A](#f13-ijn-13-6531){ref-type="fig"}); the comparison between Figure A and B evidence the presence of fibroblasts on the fibrous membrane.

After 7 days, cells appear well extended within the structure of P1 coated fibers, showing their typical elongated shape (C--E). This result could be related to the surface properties of CS-coated P1 fibers, which appear suitable to promote cell adhesion and growth. At the end of the experiment, a great amount of cells are observed at the well bottom. This is probably due to the high porosity (pore diameter =43±3.2 μm \[mean value ± SE; n=30\]) of the fibrous membrane, which enables cell filtration and growth at the well bottom.

In the present work, DEX and PEO were used to enhance ALG electrospinnability. In the past, Nie et al proved that a little amount of PEO with MW =1,000 kDa improved the electrospinnability of ALG aqueous solutions.[@b18-ijn-13-6531] Such a behavior was determined by the fact that PEO offers entanglement sites and, thereby, is capable of enhancing the entanglement degree of the mixture. Caykara et al effected FTIR studies on ALG/PEO blend--based films prepared by casting.[@b30-ijn-13-6531] They observed the formation of hydrogen bonds between PEO ether oxygen and ALG hydroxyl groups. ALG/PEO blend-based films were characterized by improved mechanical properties when compared with those of the two homopolymers. These results were attributed to intermolecular hydrogen bonding between ALG and PEO.

According to Nie et al, the rigidity of ALG chains is mainly caused by G units, which are linked by diaxial linkages and stabilized by hydrogen bonding.[@b17-ijn-13-6531] The rigidity, together with the extended worm-like molecular structure, is responsible for the lack of effective chain entanglements in aqueous solution. The authors proved with viscoelastic measurements that the introduction of glycerol into ALG aqueous solution changes ALG chain conformation, which results in improved chain flexibility and entanglement. Glycerol, possessing three hydroxyl groups per molecule, can interact with ALG by disrupting a large number of inter- and intra-molecular hydrogen bonds of ALG chains and by forming ALG--glycerol hydrogen bonds. The same mechanism can be assumed for ALG/DEX mixtures.

To verify such hypothesis, mixtures of DEX 30% w/w with increasing ALG concentrations (0.5% w/w ALG and 30% w/w DEX) were subjected to viscoelastic measurements and the differential parameter ΔG′ was calculated for each mixture. According to de Souza Ferreira et al, such parameter has to be considered as index of the extent of the polymer interaction.[@b27-ijn-13-6531] The positive values of ΔG′ observed for DEX/ALG mixtures indicate the occurrence of an interaction between the two polymers, presumably due to the formation of hydrogen bonds. Such interaction is responsible for an increase in polymer network elasticity. The increase in ALG concentration produces the formation of a higher number of bonds, resulting in a strengthening of the polymeric network that, consequently, is characterized by a higher elasticity ([Figure 2](#f2-ijn-13-6531){ref-type="fig"}). The resulting increase in chain entanglement is functional to the formation of fibers by electrospinning and explains the role of DEX as ALG adjuvant.

Polymer solution properties (such as viscosity, surface tension, and conductivity) as well as process (applied voltage, spinneret--collector distance, and flow rate) and environmental (temperature and relative humidity) parameters strongly affect jet formation and can be opportunely modulated in order to obtain fibers of desired morphology and diameter.[@b10-ijn-13-6531],[@b11-ijn-13-6531],[@b25-ijn-13-6531]

The identification of the quantitative composition of the polymer solution to be electrospun is generally time consuming. A trial and error approach is usually employed, and several attempts are required to produce homogeneous fibers. The DoE approach proposed in this study allows to draw up guidelines to be used for the preparation of mixtures of ALG with non-ionic polymers able to produce homogeneous nanofibers by electrospinning.

The first full factorial design employed proves that the solution (D5), where DEX is present in a concentration lower than CEC, does not produce fibers. This result confirms the findings of McKee et al, who demonstrated that any polymer solutions could produce electrospun homogeneous fibers when prepared at polymer concentrations 2--8 times above the CEC, thus ensuring a sufficient chain overlap.[@b31-ijn-13-6531]

The results reported in the Pareto charts evidence the negative effects of both conductivity and surface tension. Conductivity is related to the number of electric charges present on the surface of the polymer solution to be electrospun and affects its capability to form nanofibers. The electrospinning process needs a minimum electrical conductivity of the polymer solution: a polymer solution lacking in charges cannot be electrospun.[@b32-ijn-13-6531] In fact, an electrical charge transfer from the electrode to the polymer droplet located at the ending point of the injection needle is required. Generally, the increase in electrical charge determines an increase in the elongation capacity of the solution, favoring the formation of smooth fibers, with smaller diameter.[@b32-ijn-13-6531] Other studies suggest that an increase in solution conductivity leads to the production of homogenous nanofibers.[@b10-ijn-13-6531]

DoE results obtained in the present work seem in disagreement with that reported in literature.[@b10-ijn-13-6531],[@b32-ijn-13-6531] It must be underlined that the conductivity of a polymer solution depends not only on the solvent used but also on the amount and distribution of polymer surface charges. Therefore, the influence of conductivity has to be considered case by case. In the present paper, the optimal range of conductivity associated with the formation of homogeneous fibers is found when ALG is mixed with a non-ionic polymer.

Surface tension is another important parameter, since it strictly affects the formation of Taylor's cone during the electrospinning process.[@b10-ijn-13-6531] Surface tension can be easily changed by varying the composition of the solvent. It is generally recognized that a decrease of surface tension enables fiber formation at lower electric fields. In the present work, the surface tension of the various polymer solutions has been modulated by adding different types and concentrations of surfactants such as Poloxamer and Triton.

A high viscosity at high shear rates promotes the formation of bead-free fibers, as confirmed by other works, reported in literature, which demonstrated that low viscosity of polymer solution could determine the disruption of the polymeric jet, which, in turn, causes bead formation within the fibers.[@b33-ijn-13-6531],[@b34-ijn-13-6531]

In the second full factorial design, viscosity at high shear rates was substituted by the pseudoplasticity index. To the best of our knowledge, the influence of such a factor on the production of homogeneous fibers has not yet been thoroughly investigated. Pseudoplasticity index takes into account the whole viscosity profile: high values of pseudo-plasticity index indicate a marked difference between viscosity at rest (η~0~) and at high shear (η~∞~). The results indicate that high pseudoplasticity index values, when associated with low surface tension and conductivity values, lead to homogeneous fiber formation.

It must be underlined that, for all the polymer solutions that failed in the production of fiber, such event was independent of the electrospinning parameters and, in the case of polymer solution having optimized properties, the modulation of process parameters was adopted to obtain an improved fiber yield.

The aim of this study was to set guidelines that could be exploited for the production of fibers containing ALG mixed with non-ionic polymers. Therefore, optimal ranges found for the production of ALG/DEX fibers were employed for the preparation of ALG/PEO ones. Since DEX and PEO showed different viscosity behavior (Supplementary materials), pseudoplasticity index was retained as rheological parameter.

An ALG/PEO mixture (P1) having pseudoplasticity index, conductivity, and surface tensions within the ranges identified by the DoE approach was prepared and electrospun. It produced homogeneous fibers, proving the goodness of the guidelines.

D9 and P1 fibers were compared for size and mechanical resistance. D9 fibers showed nanoscale dimensions and resulted brittle, while P1 fibers were characterized by micro-size and elastic deformation.

Both the fibrous platforms were subsequently cross-linked and/or coated to guarantee their slow biodegradability in biological fluids. Two different methods were used for D9 and P1 fibers, taking into account the solubility of each adjuvant polymer, DEX and PEO.

The few papers, in literature, dealing with the use of DEX for the production of electrospun fibers, combined this polysaccharide with other synthetic polymer, such as polyurethane[@b4-ijn-13-6531] or subjected DEX to modifications by substitution of methacrylate groups at the hydroxyl sites, followed by photo-cross-linking.[@b21-ijn-13-6531] In the present work, D9 fibers were coated with PLGA, which produces an increase in fiber dimensions and mechanical resistance. In particular, an increase in fiber elasticity is observed; it depends on PLGA concentration.

It is well-known that ALG undergoes cross-linking in the presence of divalent cations, such as Ca^2+^, which determines hydrogel structures with a controlled degradation rate. In particular, ALG carboxylic groups interact with cations causing bridge formation between polymer chains.[@b20-ijn-13-6531] ALG is also able to interact with the cationic CS. The partial protonated amine groups of CS react with the carboxylate groups of ALG and thus strong polyelectrolyte complexes are formed.[@b35-ijn-13-6531],[@b36-ijn-13-6531] P1 fibers were simultaneously cross-linked/coated with calcium ions and CS. During cross-linking, fiber soaking into aqueous solutions causes the removal of PEO and surfactant. The presence of CS determines an increase in fiber elastic properties, which are partly lost due to the disappearance of PEO.

Both coated D9 and P1 fibers result to be biocompatible and able to support cell adhesion and proliferation.

SEM analysis show that, after soaking in CM for 7 days, PLGA-coated D9 fibers appear as a micro-porous matrix without any sign of degradation. Such a result is in agreement with literature findings. It is well known that the hydrophobicity and then the degradation time of PLGA could be modulated by varying the lactide (L)-to-glycolide (G) ratio.[@b37-ijn-13-6531],[@b38-ijn-13-6531]

As for coated P1 fibers, several papers reported in literature confirm that ALG-based scaffolds, after cross-linking with bivalent ions, for example calcium ones, maintain their integrity, both in vitro and in vivo, up to 30 days. In particular, both ALG and Ca^2+^ concentrations seem to play a pivotal role in determining scaffold degradation rate.[@b39-ijn-13-6531] These results were confirmed by Vigani et al;[@b40-ijn-13-6531] they observed that ALG--calcium beads, when implanted in the subcutaneous tissue of a murine model, preserved their structure for 30 days. ALG--calcium beads were no longer found after 60 days: the authors supposed that such beads dissolve due to an exchange reaction between calcium and sodium ions at the implantation site.[@b40-ijn-13-6531]

Rong et al investigated in vivo degradation behavior of thrombin-loaded ALG--calcium microspheres after subcutaneous implantation in rats, revealing, through histological analyses, that only at 10 weeks it was not possible to identify microspheres anymore.[@b41-ijn-13-6531]

The biodegradation rate of coated P1 fibers depends not only on calcium-cross-linking of ALG but also on the ionic interaction between the carboxylate moieties of ALG and the protonated amines on CS. The soaking of P1 fibers in a CaCl~2~/CS solution promotes the formation of ALG--CS interactions, which have been reported to slow down polymer matrix degradation.[@b36-ijn-13-6531]

Since fiber biodegradation depends not only on the intrinsic properties of the coating polymers but also on fiber morphology and inner composition, studies are in progress to assess coated D9 and P1 degradation in physiological media.

Conclusion
==========

The DoE approach proposed in this study allows to draw up guidelines, which are useful for the preparation of mixtures of ALG with non-ionic polymers that are able to produce homogeneous fibers by electrospinning. In particular, optimal values for each property are identified.

Both ALG/PEO and ALG/DEX fibers are successfully coated with CS and PLGA, respectively. Coating process improves fiber mechanical properties and slows down their biodegradation in physiological medium. The developed fibrous platforms are biocompatible and able to support cell growth.

Supplementary materials
=======================

Assessment of viscoelastic properties of alginate/dextran (ALG/DEX) mixture
---------------------------------------------------------------------------

In [Figure S1](#SD1-ijn-13-6531){ref-type="supplementary-material"}, storage elastic modulus (G′) vs frequency profiles of ALG-DEX mixtures in comparison with those obtained for DEX and ALG solutions are reported. It can be observed that the mixtures were characterized by G′ values markedly higher than those of the individual polymer solutions.

Assessment of critical entanglement concentration (CEC) of DEX
--------------------------------------------------------------

In the present study, DEX CEC was evaluated. Briefly, different DEX solutions with increasing polymer concentrations, ranging from 0.5% to 40% w/w, were prepared in deionized water and in pH 5.5 phosphate buffer. Flow curves, reporting shear stress (τ) versus shear rate, were obtained for each DEX solution by means of a rotational rheometer (MCR 102), using a C50-1 cone (∅=50 mm and ϑ=1°) as measuring system. Measurements were performed in a shear rate ranging from 10 to 1,000 s^−1^ at 33°C (temperature to which the polymer solutions were subjected during the electrospinning process). Viscosity values at rest (η~0~) and at high shear (η~∞~) were calculated from the slopes of the straight lines that fitted the experimental data of the first and the second Newtonian zones of the flow curve. η~0~ and η~∞~ were plotted versus the corresponding polymer concentration (% w/w) on bi-log scale. The intersection point of the two straight lines corresponded to CEC.[@b42-ijn-13-6531]

The CEC represents the lowest concentration at which the entanglement of the polymeric chains occurs; it depends on polymer molecular weight, chain morphology, and affinity of the solvent used.[@b42-ijn-13-6531] In [Figure S2](#SD2-ijn-13-6531){ref-type="supplementary-material"}, the viscosity parameters η~0~ and η~∞~, indexes of DEX solution structure in deionized water at low and high shear rate, respectively, are reported against DEX concentration. Both the viscosity parameters exponentially increase on increasing DEX concentration. In the inset of [Figure S2](#SD2-ijn-13-6531){ref-type="supplementary-material"}, log--log profiles of the viscosity parameters (η~0~ and η~∞~) vs DEX concentration allow the identification of DEX CEC, which corresponds to the intersection point between two straight lines that best represent, on a statistical basis, the experimental data. DEX CEC results equal to 12.1% w/w. Analogous viscosity parameters (η~0~ and η~∞~) have been observed for DEX solutions prepared in pH 5.5 phosphate buffer (data not shown), indicating that the presence of salts does not influence the rheological behavior of DEX aqueous solutions and, thus, chain entanglement.

Comparison of the rheological behavior of DEX and PEO aqueous solutions
-----------------------------------------------------------------------

Viscosity curves were obtained for DEX and PEO aqueous solutions (1% w/w concentration) by means of a rotational rheometer (MCR 102), using a C50-1 cone (∅=50 mm and ϑ=1°) as measuring system. Measurements were performed in a shear rate ranging from 10 to 1,000 s^−1^ at 33°C (temperature to which the polymer solutions were subjected during the electrospinning process).

In [Figure S3](#SD3-ijn-13-6531){ref-type="supplementary-material"}, the viscosity profiles of DEX and PEO aqueous solutions prepared at the same concentration (1% w/w) are compared. It can be observed that the two polymer solutions are characterized by a completely different rheological behavior: while PEO solution shows a pseudoplastic behavior, indicated by a decrease of viscosity on increasing shear rate, DEX solution prepared at the same concentration is characterized by a Newtonian behavior (ie, a viscosity independent from shear rate).

###### 

G′ vs frequency profiles of blends of 30% w/w DEX with different ALG concentrations and of the individual polymer solutions (mean values ± SD; n=3); (**A**) ALG 0.5% w/w--DEX 30% w/w, (**B**) ALG 1% w/w--DEX 30% w/w, (**C**) ALG 1.5% w/w--DEX 30% w/w.

**Abbreviations:** DEX, dextran; ALG, alginate.

###### 

Viscosity parameters (η~0~ and η~∞~) as a function of dextran concentration for solutions prepared in distilled water.

**Note:** Log--log profiles are reported in the inset.

###### 

Comparison of viscosity profiles, observed at 33°C, of DEX and PEO solutions, both prepared in deionized water at the concentration of 1% w/w (mean values ± SD; n=3).

**Abbreviations:** DEX, dextran; PEO, polyethylene oxide.

The authors would like to thank Dr Ilenia Tredici, CISRiC Arvedi, Pavia University, for her assistance in EDS and SEM analyses.

**Author contributions**

All authors contributed toward data analysis, drafting and critically revising the paper, gave final approval of the version to be published, and agree to be accountable for all aspects of the work. SR and BV conceived and designed the experiments and wrote the paper. GM performed the experiments. GB performed SEM and FTIR analyses. GS, MCB, and FF reviewed the manuscript.

**Disclosure**

The authors report no conflicts of interest in this work.

![Factor space and experimenting points of a full factorial design.](ijn-13-6531Fig1){#f1-ijn-13-6531}

![ΔG′ values calculated for DEX 30% w/w/ALG mixtures containing increasing ALG concentrations (0.5%, 1%, and 1.5% w/w) (mean values ± SD; n=3). **Abbreviations:** DEX, dextran; ALG, alginate.](ijn-13-6531Fig2){#f2-ijn-13-6531}

![SEM micrographs of (**A**) D1, (**B**) D2, (**C**) D3, (**D**) D4, (**E**) D5, (**F**) D6; (**G**) D7, and (**H**) D8 products obtained from electrospinning.\
**Abbreviations:** ALG, alginate; D, ALG/DEX-based solutions; DEX, dextran; SEM, scanning electron microscopy.](ijn-13-6531Fig3){#f3-ijn-13-6531}

![Standardized Pareto chart (**A** and **C**) and interaction plot (**B** and **D**) of the response variable fiber formation of the full factorial design.\
**Notes:** Three factors, viscosity at high shear rates, surface tension, and conductivity were investigated in **A** and **B**, while pseudoplasticity index, surface tension, and conductivity were investigated in **C** and **D**.](ijn-13-6531Fig4){#f4-ijn-13-6531}

![SEM micrographs of (**A**) D9, (**B**) D10, (**C**) D11, and (**D**) D12 products obtained from electrospinning.\
**Abbreviations:** ALG, alginate; D, ALG/DEX-based solutions; DEX, dextran; SEM, scanning electron microscopy.](ijn-13-6531Fig5){#f5-ijn-13-6531}

![SEM micrograph of the optimized ALG/PEO fibers (P1).\
**Abbreviations:** ALG, alginate; PEO, polyethylene oxide; SEM, scanning electron microscopy.](ijn-13-6531Fig6){#f6-ijn-13-6531}

![Mechanical properties of both D9 and P1 fibers: maximum force of deformation (Fmax) and forces (F) measured at different deformation values are reported (mean values ± SE; n=3). \**P*\<0.05 Student's *t*-test.\
**Abbreviations:** ALG, alginate; D, ALG/DEX-based solutions; P, ALG/PEO fibers; PEO, polyethylene oxide.](ijn-13-6531Fig7){#f7-ijn-13-6531}

![Characterization of D9 fibers after PLGA-based coating: (**A**) SEM micrographs; (**B**) fiber dimensions (mean values ± SD; n=30), one-way ANOVA, multiple range test (*P*\<0.05): a vs b and c; (**C**) FTIR spectrographs.\
**Abbreviations:** ALG, alginate; D, ALG/DEX-based solutions; DEX, dextran; FTIR, Fourier transform infrared; PLGA, polylactide-co-glycolide.](ijn-13-6531Fig8){#f8-ijn-13-6531}

![Mechanical properties of D9 as such and after coating with R 503H at 0.25% and 0.5% w/v: (**A**) maximum force of deformation (Fmax) and forces (F) measured at different deformation values (\**P*\<0.05 compared to D9 Fmax and ^\#^*P*\<0.05 compared to D9 F10%, Student's *t*-test), (**B**) tensile work (\**P*\<0.05 compared to D9, Student's *t*-test), and (**C**) percentage of fiber elongation (\**P*\<0.05 compared to D9) are reported (mean values ± SE; n=3).\
**Abbreviations:** ALG, alginate; D, ALG/DEX-based solutions; DEX, dextran.](ijn-13-6531Fig9){#f9-ijn-13-6531}

![Characterization of P1 fibers after Ca^2+^ cross-linking and chitosan-based coating: (**A**) SEM micrographs; (**B**) fiber dimensions (mean ± SD; n=30), one-way ANOVA, multiple range test (*P*\<0.05): a vs b and c; (**C**) FTIR spectrographs.\
**Abbreviations:** ALG, alginate; D, ALG/DEX-based solutions; P, ALG/PEO fibers; PEO, polyethylene oxide; SEM, scanning electron microscopy; FTIR, Fourier transform infrared.](ijn-13-6531Fig10){#f10-ijn-13-6531}

![Mechanical properties of P1 fibers as such and after Ca^2+^ cross-linking and chitosan-based coating: (**A**) maximum force of deformation (one-way ANOVA, multiple range test \[*P*\<0.05\]: a vs b and c; b vs c), (**B**) tensile work (one-way ANOVA, multiple range test \[*P*\<0.05\]: a vs b and c; b vs c), and (**C**) percentage of fiber elongation are reported (mean values ± SE; n=3).\
**Abbreviations:** ALG, alginate; P, ALG/PEO fibers; PEO, polyethylene oxide.](ijn-13-6531Fig11){#f11-ijn-13-6531}

![% Cell viability values observed for coated D9 and P1 fibers (mean values ± SD; n=6).\
**Abbreviations:** ALG, alginate; CM, complete medium; D, ALG/DEX-based solutions; DEX, dextran; P, ALG/PEO fibers; PEO, polyethylene oxide.](ijn-13-6531Fig12){#f12-ijn-13-6531}

![SEM micrographs of the coated fibers: (**A**, **B**) coated D9 fibers after immersion for 7 days in complete medium in the absence (**A**) and in the presence (**B**) of fibroblasts; (**C**--**E**) coated P1 fibers after immersion for 7 days in complete medium in the presence of fibroblasts. The yellow arrows indicate cells.\
**Abbreviations:** ALG, alginate; D, ALG/DEX-based solutions; P, ALG/PEO fibers; PEO, polyethylene oxide; SEM, scanning electron microscopy.](ijn-13-6531Fig13){#f13-ijn-13-6531}

###### 

Composition of D formulations, expressed as % w/w

  Formulation   DEX   ALG   P407   TX100   Solvent
  ------------- ----- ----- ------ ------- ---------
  D1            20    1     0      1.5     H~2~O
  D2            25    1.5   1.5    0.5     H~2~O
  D3            20    1     1.5    0       H~2~O
  D4            20    1.5   2      0       H~2~O
  D5            10    1.5   1.5    0.5     H~2~O
  D6            25    1.5   1.5    0.5     Buffer
  D7            10    1.5   1.5    0       H~2~O
  D8            30    0.5   2      0       Buffer

**Abbreviations:** ALG, alginate; D, ALG/DEX-based solutions; DEX, dextran.

###### 

Full factorial design experimental points

       Viscosity   Surface tension   Conductivity
  ---- ----------- ----------------- --------------
  D1   −1          −1                −1
  D2   +1          −1                −1
  D3   −1          +1                −1
  D4   +1          +1                −1
  D5   −1          −1                +1
  D6   +1          −1                +1
  D7   −1          +1                +1
  D8   +1          +1                +1

**Abbreviations:** ALG, alginate; D, ALG/DEX-based solutions; DEX, dextran.

###### 

Mean values (±SD; n=3) of viscosity at 1,000 s^−1^, pseudoplasticity index, surface tension, and conductivity of each ALG/DEX formulation

       Viscosity at 1,000 s^−1^ (Pa·s)   Pseudoplasticity index   Surface tension (mN/m)   Conductivity (μS/cm)   DoE score
  ---- --------------------------------- ------------------------ ------------------------ ---------------------- -----------
  D1   0.73±0.05                         1.618±0.029              31.1±0.1                 613±22                 2.5
  D2   1.88±0.05                         1.972±0.079              31.0±0.7                 833.8±2                10
  D3   1.01±0.02                         1.689±0.008              41.2±1.1                 535±3                  2.5
  D4   1.32±0.14                         2.140±0.012              38.3±1.8                 990±14                 5
  D5   0.40±0.01                         1.671±0.015              33.0±0.1                 1,497±5                0
  D6   1.68±0.04                         2.164±0.017              31.3±1.0                 2,487±7                7.5
  D7   0.44±0.04                         1.950±0.016              39.0±0.2                 1,525±2                0
  D8   1.80±0.22                         1.486±0.006              40.4±2.0                 1,462±10               7.5

**Note:** The score attributed to each formulation according to the morphology of the corresponding electrospun fibers is also reported.

**Abbreviations:** D, ALG/DEX-based solutions; DEX, dextran; ALG, alginate; DoE, Design of Experiments.

###### 

Composition (% w/w) and properties (mean values ± SD; n=3) of the polymer solutions D9--D12 prepared to verify the predictive power of the DoE approach

                                D9            D10           D11           D12
  ----------------------------- ------------- ------------- ------------- -------------
  Composition (% w/w)                                                     
   DEX                          30            22.5          20            20
   ALG                          0.5           1.5           1.5           1
   P407                         1.5           1.5           1.5           1.5
   TX100                        0.5           0.5           0.5           0.5
  Polymer solution properties                                             
   Viscosity (Pa·s)             1.38±0.10     1.38±0.03     0.99±0.04     0.91±0.08
   Pseudoplasticity index       1.791±0.002   1.923±0.054   1.790±0.101   1.589±0.051
   Surface tension (mN/m)       32.7±0.8      31.9±0.6      31.7±0.4      32.6±0.5
   Conductivity (mS/cm)         337±9         869±14        1,057±1       836±3

**Abbreviations:** D, ALG/DEX-based solutions; DEX, dextran; ALG, alginate; DoE, Design of Experiments; P407, poloxamer; TX100, triton.

###### 

Element content (mol %) of coated P1 fibers before and after hydration in deionized water

  Sample                                         C       O       Ca      Cl     Other elements
  ---------------------------------------------- ------- ------- ------- ------ ----------------
  P1                                             51.26   21.82   0       0      26.92
  P1 coated                                      30.91   32      25.65   0.23   5.21
  P1 coated after hydration in deionized H~2~O   35.02   41.41   17.88   0      5.69

**Note:** P1 fibers as such was reported as reference.

**Abbreviations:** ALG, alginate; P, ALG/PEO fibers; PEO, polyethylene oxide.
